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RESUMEN
La predicción del clima en el Himalaya occidental es una tarea compleja debido a la gran variabilidad de 
ODVEDUUHUDVRURJUi¿FDVHQFXDQWRDDOWLWXG\RULHQWDFLyQ/DVFDUDFWHUtVWLFDVGHODVXSHU¿FLHWDPELpQGHVHP-
peñan un papel importante en las simulaciones climáticas, y requieren una representación adecuada en los 
PRGHORV(QHVWHHVWXGLRVHXWLOL]DURQGRVHVTXHPDVGHSDUDPHWUL]DFLyQGHODVXSHU¿FLHWHUUHVWUH/636
SRUVXVVLJODVHQLQJOpVSDUDDQDOL]DUODSUHFLSLWDFLyQHVWDFLRQDOHQODUHJLyQGHO+LPDOD\DHOHVTXHPDGH
WUDQVIHUHQFLDELRVIHUDDWPyVIHUD%$76SRUVXVVLJODVHQLQJOpV\HOPRGHORFRP~QGHODWLHUUD&/0SRU
VXVVLJODVHQLQJOpVYDFRSODGRVFRQHOPRGHORUHJLRQDOGHOFOLPD5HJ&0Y(ODQiOLVLVDEDUFD
QXHYHHVWDFLRQHVLQYHUQDOHVGLIHUHQWHVWUHVFRQSUHFLSLWDFLyQH[FHVLYDWUHVFRQSUHFLSLWDFLyQQRUPDO\WUHV
FRQGp¿FLWGHSUHFLSLWDFLyQ/RVGDWRVGHOUHDQiOLVLV,,GHORV&HQWURV1DFLRQDOHVGH3UHGLFFLyQ$PELHQWDO
1DWLRQDO&HQWHUVIRU(QYLURQPHQWDO3UHGLFWLRQ1&(3GHOGHSDUWDPHQWRGHHQHUJtDHVWDGRXQLGHQVHVHXWL-
OL]DURQFRPRFRQGLFLRQHVLQLFLDOHV\OLPtWURIHVSDUDHOPRGHOR5HJ&03DUDDSRUWDUFRQGLFLRQHVVXSHU¿FLDOHV
OLPtWURIHVDOPRGHOR5HJ&0VHXWLOL]DURQSDUiPHWURVJHRItVLFRVVLPLODUHVUHVROXFLyQGHPLQDORVGHO
0DSD*HRItVLFRGH(VWDGRV8QLGRV6HHYDO~DHOGHVHPSHxRGHGRV/636&/0\%$76DFRSODGRVFRQ 
HO5HJ&0HQFRPSDUDFLyQFRQGDWRVGHWHPSHUDWXUDVXSHU¿FLDO\GHXQDPDOODGHSUHFLSLWDFLyQGHOD2¿FLQD
GH0HWHRURORJtDGHOD,QGLD6HHQFRQWUyTXHORVGDWRVVLPXODGRVGHSUHFLSLWDFLyQ\WHPSHUDWXUDVXSHU¿FLDO
HVWiQPHMRUUHSUHVHQWDGRVHQHO&/0TXHHQHO%$76FXDQGRVHFRPSDUDQFRQODVREVHUYDFLRQHV0iVD~QVH
FDOFXODQYDULRVSDUiPHWURVHVWDGtVWLFRVFRPRHOVHVJRHOHUURUFXDGUiWLFRPHGLRHOFRH¿FLHQWHGHFRUUHODFLyQ
HVSDFLDO\QLYHOHVGHDSWLWXGFRPRHOQLYHOHTXLWDWLYRGHDSWLWXG\ODSUREDELOLGDGGHGHWHFFLyQSDUDHYDOXDU
las simulaciones del RegCM utilizando ambos LSPS. Los resultados indican que el error cuadrático medio 
GLVPLQX\H\HOFRH¿FLHQWHGHFRUUHODFLyQHVSDFLDOVHLQFUHPHQWDFRQHOXVRGHO&/0HQFRPSDUDFLyQFRQ 
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HO%$76(OQLYHOHTXLWDWLYRGHDSWLWXG\ODSUREDELOLGDGGHGHWHFFLyQWDPELpQLQGLFDQTXHHOGHVHPSHxRGHO
PRGHORSDUDVLPXODUODHVFDODGHODSUHFLSLWDFLyQHVWDFLRQDOHVPHMRUFRQHO&/0TXHFRQHO%$76(QJHQHUDO
estos resultados sugieren que el desempeño del RegCM acoplado con el CLM mejora la aptitud del modelo 
SDUDSUHGHFLUODSUHFLSLWDFLyQLQYHUQDOD\ODWHPSHUDWXUDDHQHO+LPDOD\DRFFLGHQWDO
$%675$&7
Climate prediction over the Western Himalaya is a challenging task due to the highly variable altitude and 
orientation of orographic barriers. Surface characteristics also play a vital role in climate simulations 
and need appropriate representation in the models. In this study, two land surface parameterization schemes 
/636WKH%LRVSKHUH$WPRVSKHUH7UDQVIHU6FKHPH%$76DQGWKH&RPPRQ/DQG0RGHO&/0YHUVLRQ
LQWKHUHJLRQDOFOLPDWHPRGHO5HJ&0YHUVLRQKDYHEHHQWHVWHGRYHUWKH+LPDOD\DQUHJLRQIRUQLQH
distinct winter seasons LQUHVSHFWRIVHDVRQDOSUHFLSLWDWLRQWKUHH\HDUVHDFKIRUH[FHVVQRUPDODQGGH¿FLW
5HDQDO\VLV,,GDWDRIWKH1DWLRQDO&HQWHUVIRU(QYLURQPHQWDO3UHGLFWLRQ1&(3'HSDUWPHQWRI(QHUJ\'2(
have been used as initial and lateral boundary conditions for the RegCM model. In order to provide land 
VXUIDFHERXQGDU\FRQGLWLRQVLQWKH5HJ&0PRGHOJHRSK\VLFDOSDUDPHWHUVPLQUHVROXWLRQREWDLQHGIURP
WKH8QLWHG6WDWHV*HRSK\VLFDO6XUYH\ZHUHXVHG7KHSHUIRUPDQFHRIWZR/636&/0DQG%$76FRXSOHG
with the RegCM is evaluated against gridded precipitation and surface temperature data sets from the India 
0HWHRURORJLFDO'HSDUWPHQW,0',WLVIRXQGWKDWWKHVLPXODWHGVXUIDFHWHPSHUDWXUHDQGSUHFLSLWDWLRQDUH
EHWWHUUHSUHVHQWHGLQWKH&/0VFKHPHWKDQLQWKH%$76ZKHQFRPSDUHGZLWKREVHUYDWLRQV)XUWKHUVHYHUDO
VWDWLVWLFDODQDO\VLVVXFKDVELDVURRWPHDQVTXDUHHUURU506(VSDWLDOFRUUHODWLRQFRHI¿FLHQW&&DQGVNLOO
VFRUHVOLNHWKHHTXLWDEOHWKUHDWVFRUH(76DQGWKHSUREDELOLW\RIGHWHFWLRQ32'DUHHVWLPDWHGIRUHYDOXDWLQJ
RegCM simulations using both LSPS. Results indicate that the RMSE decreases and the CC increases with 
WKHXVHRIWKH&/0FRPSDUHGWR%$76(76DQG32'DOVRLQGLFDWHWKDWWKHSHUIRUPDQFHRIWKHPRGHOLV
EHWWHUZLWKWKH&/0WKDQZLWKWKH%$76LQVLPXODWLQJVHDVRQDOVFDOHSUHFLSLWDWLRQ2YHUDOOUHVXOWVVXJJHVW
that the performance of the RegCM coupled with the CLM scheme improves the model skill in predicting 
ZLQWHUSUHFLSLWDWLRQE\DQGWHPSHUDWXUHE\RYHUWKH:HVWHUQ+LPDOD\D
Keywords: Western Himalaya, land surface schemes, regional climate model.
1. Introduction
The Western Himalayan region receives a substantial 
amount of precipitation in the form of snow during 
WKHZLQWHUPRQWKV'HFHPEHU-DQXDU\DQG)HEUXDU\
>'-)@3UHFLSLWDWLRQRYHUWKLVUHJLRQVKRZVDODUJH
inter-annual variability and is vital for several sec-
WRUVVXFKDVDJULFXOWXUHKRUWLFXOWXUHWUDQVSRUWDWLRQ
tourism, hydropower projects and water resources 
DQGPDQDJHPHQW ([FHVV SUHFLSLWDWLRQ RYHU WKLV
UHJLRQ FDXVHV ODQGVOLGHVDYDODQFKHV DQG LPSDFWV
OLYHOLKRRGVDQGLQIUDVWUXFWXUH'XHWRWKHFRPSOH[
orography, nonlinear interactions of land-atmosphere 
SURFHVVHV DQG LQVXI¿FLHQW REVHUYHG GDWDVHWV VHD-
sonal-scale prediction of precipitation over such a 
heterogeneous region is one of the challenging tasks 
for meteorologists. Since the heterogeneity of the 
mountain region plays a dominant role in modulating 
WKHUHJLRQDOFOLPDWH3LHONHet al., 1990; Dickinson, 
 DQ DGYDQFHG ODQG VXUIDFH SDUDPHWHUL]DWLRQ
VFKHPH/636LQDPRGHOPD\EHDEOHWRLPSURYH
the prediction skill over the mountain region.
Henderson-Sellers and Dickinson IRXQGLQ
WKHLUVWXG\WKDWPRUHWKDQRIWKHORZHUERXQGDU\
conditions for the earth surface are provided through 
land-atmosphere interface in global climate models 
and in the case of regional climate modeling sys-
tems, this percentage can be even higher. Since the 
H[FKDQJHRIPRPHQWXPDQG HQHUJ\EHWZHHQ ODQG
surface and the atmosphere affects prognostic vari-
ables such as surface temperature, precipitation, etc., 
a better representation of surface boundary conditions 
in a model is very important. Ding et al. H[-
amined the role of different land surface processes 
DQGIRXQGWKDWWKHHI¿FLHQF\RIDUHJLRQDOFOLPDWH
PRGHO 5&0LQ WKHVLPXODWLRQRISUHFLSLWDWLRQ LV
increased when an improved land-surface parame-
terization scheme is used. A few studies have been 
carried out on the impact of different land LSPS in 
the simulation of upper air circulation associated with 
SUHFLSLWDWLRQ3LHONHet al., 6LQJKet al., 2007; 
Dutta et al., 2009; Kar et al., 2014; Tiwari et al., 
RYHUWKH,QGLDQUHJLRQ,WZDVIRXQGWKDW/636
plays a crucial role in seasonal scale simulation over 
the Indian region. However, most of these studies 
have been conducted for the Indian summer monsoon 
season and so far there are no such studies for the 
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ZLQWHUVHDVRQ'-)H[DPLQLQJWKHUROHRIGLIIHUHQW
LSPS in a RCM over the Western Himalayan region.
The main objective of the present study is to eval-
XDWHWKHSHUIRUPDQFHRIWZR/636WKH%LRVSKHUH$W-
PRVSKHUH7UDQVIHU6FKHPH %$76 'LFNLQVRQet 
al.  DQG WKH&RPPRQ/DQG0RGHO &/0 
Y2OHVRQet al.LQWKH5HJLRQDO&OLPDWH
0RGHO5HJ&0Y3DOet al.WRVLPXODWH
winter precipitation and temperature over the Western 
Himalaya.
The remainder of this paper is organized as fol-
lows. A brief description of the model used, including 
characteristics and methodology of the simulation, is 
SUHVHQWHGLQVHFWLRQVDQGUHVSHFWLYHO\6HFWLRQ
4 describes the results and discusses the sensitivity 
H[SHULPHQWVZLWK%$76DQG&/0)LQDOO\VDOLHQW
features of the study are concluded in section 5.
2. Model description
7KHG\QDPLFDOFRUHRIWKH5HJ&0YPRGHOLV
similar to the hydrostatic version of the mesoscale 
PRGHO00*UHOOet al., 7KH5HJ&0VWDQ-
GDUGPRGHOFRQ¿JXUDWLRQFRQVLVWVRIYHUWLFDOVLJPD
OHYHOVLQZKLFK¿YHOHYHOVDWDSSUR[LPDWHO\
DQGPIURPVXUIDFHDUHLQWKHORZHU
WURSRVSKHUHZLWKLQNPIURPWKHVXUIDFH>*LRUJL
DQG%DWHV, @7KHUDGLDWLYHWUDQVIHUSDFNDJHRI
WKH1&$5&RPPXQLW\&OLPDWH0RGHOY.LHKO
et al., WKHPDVVÀX[FXPXOXVFORXGVFKHPH
RI*UHOOZLWK)ULWFK&KDSSHOOFORVXUH)ULWVFK
DQG&KDSSHOO  DQG WKH QRQORFDO ERXQGDU\
scheme by Holtslag et al. DUHXVHGLQWKH5HJ-
CM. The land-surface processes are incorporated via 
WKH%LRVSKHUH$WPRVSKHUH7UDQVIHU6FKHPH%$76
'LFNLQVRQet al., DQGWKH&RPPXQLW\/DQG
0RGHO &/0 2OHVRQet al.,  VFKHPHV)RU
WKLVVWXG\WKHVSDQRIWKHPRGHOGRPDLQLV1 
 (7KHPRGHO GRPDLQ DQG WKH RURJUDSK\
shown in Figure 1 cover all parts of northwest 
India. A model grid with horizontal resolution of 
îNPLVVHOHFWHG WRFRQGXFW WKHVLPXODWLRQ
H[SHULPHQWV$V FDQEH VHHQ IURP WKH¿JXUH WKH
PD[LPXPKHLJKWRIWKH+LPDOD\DVUHSUHVHQWHGDW
this resolution is about 5500 m. Most of the sharp 
gradient in the orography of the Himalayas gets 
smoothed out due to the resolution chosen for the 
model. Sinha et al.  FDUULHG RXW D GHWDLOHG
study on the role of representation of orography in 
WKH5HJ&0VLPXODWLRQV $EULHIRQPRGHOFRQ¿J-
uration used in this study is also given in Table I. 
,Q WKLV VWXG\ WZR VHWV RI QXPHULFDO H[SHULPHQWV
are carried out with different land surface models, 
%$76DQG&/0
7KH%$76ODQGVXUIDFHSDUDPHWHUL]DWLRQVFKHPH
is used to describe the role of soil moisture and 
YHJHWDWLRQLQWKHPRGHO,WFDOFXODWHVWKHH[FKDQJHV
of momentum, energy, and water vapor associated 
with surface-atmosphere interactions. It has one 
vegetation layer, a surface soil layer, a snow layer 
and 20 vegetation types. The prognostic equations 
for the soil layer temperatures are solved by using a 
JHQHUDOL]HGIRUFHUHVWRUHPHWKRG'LFNLQVRQet al., 
7KH&/02OHVRQet al., FRQWDLQVRQH
vegetation layer with a canopy photosynthesis-con-
GXFWDQFHPRGHOXQHYHQO\VSDFHGVRLOOD\HUV¿YH
snow layers with an additional representation of trace 
snow, and 24 vegetation types. In this scheme, for 
each layer temperature, ice water and liquid water are 
VROYHGH[SOLFLWO\7KH&/0XVHVDPRVDLFDSSURDFK
for capturing land surface heterogeneity within a 
climate model at each grid cell. The main advantage 
RIWKH&/0RYHU%$76LVWKDWLQWKHIRUPHUDKLJKHU
number of soil layers and vegetation fractions are 
included. The CLM has the ability to include sub-
grid “tiles” with separate water and energy balance 
conducted for each tile. This approach enables the 
UHSUHVHQWDWLRQRI YDULRXV VXUIDFHSDUDPHWHUV HJ
VXUIDFHWHPSHUDWXUHSUHFLSLWDWLRQÀX[HVHWFLQD
EHWWHUZD\FRPSDUHGWR%$766WHLQHUet al.
A brief comparison of these two land surface param-
eterization schemes is provided in Table II.
1000
1000
1000
1000
15001500
1000
500
500
500
500
La
tit
ud
e 
N
 (º
) 
500
0
4000
4500
4500
3500
2500
4500
3500
5000
5000
2000
5000
4000
3000
3000
2000
1500 1500
2000
101500
4000
30003000
45
Model topography (m)
40
35
30
25
6000
5500
5000
4500
3500
2500
1500
500
4000
3000
2000
1000
20
55 60 65 70 75 80 85 90 95 100
Longitude E (º)
Fig. 1. The RegCM model domain used in the present 
study.
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3. 6imulation speci¿cs and veri¿cation method-
ology
6HDVRQDO ZLQWHU SUHFLSLWDWLRQ DQRPDOLHV RYHU
the Indian areas of the Western Himalayan region 
KDYHEHHQFRPSXWHGXVLQJ\HDUVRI
observed precipitation data from the India Meteoro-
ORJLFDO'HSDUWPHQW,0'5DMHHYDQet al., 
)RU WKHSUHVHQW VWXG\H[WUHPH H[FHVVRUGH¿FLW
precipitation seasons are considered on the basis 
of precipitation anomaly departures by one standard 
deviation or more from its mean. Therefore, within 
WKHVH\HDUVWKHUHDUHWKUHH\HDUVLQWKHFDWHJRU\
RI H[FHVV SUHFLSLWDWLRQ  
KHUHDIWHUUHIHUUHGWRDVH[FHVV\HDUV
7DEOH,&RQ¿JXUDWLRQRIWKH5HJ&0XVHGLQWKHSUHVHQWVWXG\
Dynamics Hydrostatic
Main prognostic variables u,v t, q and p
Model domain 1(UHV NP
Map projection Lambert conformal mapping
Vertical coordinate Terrain-following sigma coordinate
7RWDOVLJPDOHYHOV¿YHOHYHOVLQ3%/
Cumulus parameterization Grell with Fritch & Chappell closure
Land surface models %LRVSKHUH$WPRVSKHUH7UDQVIHU6FKHPH%$76
DQG&RPPXQLW\/DQG0RGHO&/0
Radiation parameterization 1&$5&&0UDGLDWLRQVFKHPH
3%/SDUDPHWHUL]DWLRQ Holtslag
7DEOH,,$EULHIFRPSDULVRQEHWZHHQWZRODQGVXUIDFHSDUDPHWHUL]DWLRQVFKHPHVLH%$76DQG&/0
Category %$76 CLM
/DQGFRYHUYHJHWDWLRQ
classes
20 vegetation types 24 vegetation types
Surface representation One vegetation layer, a surface soil layer, 
a snow layer
One vegetation layer with a canopy photosynthesis-
conductance model, 10 unevenly spaced soil 
layers, five snow layers with an additional 
representation of trace snow
Soil temperatures 
calculation
Uses a two-layer force-restore model 6RLO WHPSHUDWXUH LV FDOFXODWHG H[SOLFLWO\ E\ D
10-layer soil model
Treatment of vegetation 
canopy
Treats all vegetation
within the canopy in the same
manner
The canopy is divided into sunlit and shaded 
fractions as a function of LAI
Calculation of stomatal
conductance and 
photosynthesis rate
No individual calculation is made for 
sunlit and shaded fractions. It does not 
compute photosynthetic rates
Stomatal conductance is calculated for sunlit and 
shaded fractions. Calculation of photosynthetic 
rates is done in this scheme
Treatment of heat and 
roughness length
Heat and water vapor roughness lengths 
are constant
Updates these values over bare soil and snow with 
values from the stability functions
Albedo treatment Uses prescribed values for vegetation 
albedo for both short- and longwave 
components
8VHVDPRGL¿HGWZRVWUHDPDSSURDFKWKDWUHGXFHV
WKH FRPSOH[LW\ RI D IXOO WZRVWUHDP DOEHGR
treatment
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WKUHH\HDUVLQWKHFDWHJRU\RIGH¿FLWSUHFLSLWDWLRQ
   KHUHDIWHU
UHIHUUHGWRDVGH¿FLW\HDUVDQGWKUHH\HDUVLQWKH
FDWHJRU\RIQRUPDOSUHFLSLWDWLRQ
KHUHDIWHU UHIHUUHG WR DVQRUPDO
\HDUV,QWKHSUHVHQWVWXG\WKHVH\HDUVDUHFRQVLG-
HUHGWRFRQGXFWWKHQXPHULFDOH[SHULPHQWV&RP-
posite analyses have been carried out by computing 
WKH GLIIHUHQFH EHWZHHQ H[FHVVPLQXV QRUPDO DQG
GH¿FLWPLQXVQRUPDOSUHFLSLWDWLRQ\HDUV
The RegCM model has been integrated from 
1RYHPEHUWR)HEUXDU\)HEUXDU\GXULQJWKH
OHDS\HDUIRUHDFKZLQWHUVHDVRQ,QWKLVVWXG\PRGHO
LQWHJUDWLRQRXWSXWIRUWKH¿UVWPRQWKLH1RYHPEHU
is not analyzed as it is considered the model spin up 
WLPH)RUHDFK\HDUH[FHVVGH¿FLWDQGQRUPDOWKH
RegCM model is integrated twice with two different 
/636¿UVWFRXSOHGZLWK%$76DQGWKHQFRXSOHGZLWK
CLM, keeping unchanged all the other parameters 
of the model. Initial and lateral boundary conditions 
/%&VIRUWKHPRGHOLQWHJUDWLRQDUHSURYLGHGE\WKH
National Centers for Environmental Prediction-De-
SDUWPHQW RI(QHUJ\ 1&(3'2( UHDQDO\VLV ,, WR
GULYHWKH5HJ&0PRGHODQGWKH/%&VDUHXSGDWHG
every 6 h. The prescribed sea surface temperature in 
the model is the National Oceanic and Atmospheric 
$GPLQLVWUDWLRQ2SWLPXP,QWHUSRODWLRQ66712$$
2,667YDWDîUHVROXWLRQ7KHJHRSK\VLFDO
parameters are from the United States Geophysical 
6XUYH\86*6DWD¶UHVROXWLRQ7KHPRGHOVLP-
XODWHGUHVXOWVDUHYDOLGDWHGZLWKWKH,0'JULGGHGî
REVHUYHGSUHFLSLWDWLRQDQGVXUIDFHDLUWHPSHUDWXUH
KHUHDIWHUVLPSO\UHIHUUHGWRDVWHPSHUDWXUHGDWDVHWV
For comparison of the model data with observations, 
model simulated results are interpolated bilinearly to 
the grid points of the observed data.
Statistical analysis such as spatial correlation 
FRHI¿FLHQW && URRWPHDQVTXDUHHUURU 506(
SUREDELOLW\RIGHWHFWLRQ32'HTXLWDEOHWKUHDWVFRUH
(76HWFKDYHEHHQFDUULHGRXWEHWZHHQPRGHODQG
IMD data sets. The POD indicates what fraction of 
the observed “yes” events was correctly forecasted. 
,WLVGH¿QHGDV
POD = 
H
H + M
 
where H and M are hits and misses for each category, 
respectively. POD ranges from 0 to 1 with POD  
LQGLFDWLQJSHUIHFWVNLOOLQSUHGLFWLRQLH0 
(76 LVDVNLOOPHWULFJHQHUDOO\XVHG IRU\HVQR
IRUHFDVWLQJ *LOEHUW :LONV  LW LV GH-
¿QHGDV
ETS = , where
H – Hλ
(H + M + F – Hλ)
Hλ =
(H + M) (M + F)
T
 
and M, H and F are the number of misses, hits and 
false alarms, respectively, for each category. Hits due 
to random chance are denoted by HȜ and T is the total 
number of events. ETSYDULHVIURP±WRZLWK
ETS LQGLFDWLQJQRVNLOODQGETS LQGLFDWLQJ
SHUIHFWVNLOOLQSUHGLFWLRQ6WXGHQW¶Vt-test is used for 
VWDWLVWLFDO VLJQL¿FDQFH RI WKH DQRPDO\&&ZKHUH
WKHFULWLFDOYDOXHRI&&LVDWDFRQ¿GHQFH
OHYHO&/
4. Results and discussion
The composite analyses of observed gridded tem-
perature and precipitation during the winter season 
IRU H[FHVV GH¿FLW DQG QRUPDO SUHFLSLWDWLRQ \HDUV
are presented in Figure 2. It is clearly seen from the 
¿JXUHWKDWWHPSHUDWXUHLVFRPSDUDWLYHO\FRROHUGXULQJ
WKHH[FHVV\HDUVDVFRPSDUHGWRQRUPDODQGGH¿FLW
years over Jammu and Kashmir. It is also seen that 
WKHVHDVRQDOPHDQWHPSHUDWXUHLVZDUPHUE\&
GXULQJ GH¿FLW \HDUV WKDQ LQ H[FHVV \HDUV RYHU WKH
Western Himalayan region. The range of seasonal 
PHDQSUHFLSLWDWLRQGXULQJH[FHVV\HDUVLVDERXW
to 6.5 mm day–1ZLWKDPD[LPXPRIPPGD\–1 
RYHU -DPPX DQG.DVKPLUZKHUHDV GXULQJ GH¿FLW
years the seasonal precipitation range is about 1.5 
to 2.5 mm day–1ZLWKDPD[LPXPRIPPGD\–1 
over the same region. Therefore, it is noticed that 
H[FHVVSUHFLSLWDWLRQ\HDUVDUHFRPSDUDWLYHO\FRROHU
WKDQGH¿FLWSUHFLSLWDWLRQ\HDUVRYHUWKH,QGLDQSDUW
of the Western Himalayan region. In the following 
three sub-sections, the results obtained from the 
simulation of RegCM model with two different LSPS 
are analyzed.
4.1 Spatial distribution of surface air temperature
7KHVLPXODWHGVHDVRQDODYHUDJH'-)WHPSHUDWXUH
IURPH[SHULPHQWVZLWK%$76DQG&/0ZLWKLQWKH
5HJ&0IRUQLQHGLVWLQFWSUHFLSLWDWLRQ\HDUV WKUHH
H[FHVVWKUHHGH¿FLWDQGWKUHHQRUPDOZDVH[DPLQHG 
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It was noticed that the model is able to reproduce the 
mean temperature distribution over the northwest 
,QGLD IRU WKH FRPSRVLWH H[FHVV FRPSRVLWH GH¿FLW
and composite normal years reasonably well when 
HLWKHURIWKHODQGVXUIDFHVFKHPHV%$76RU&/0
DUHXVHG¿JXUHQRWVKRZQ+RZHYHUWKHVLPXODWHG
temperature in terms of distribution and magnitude is 
EHWWHULQWKH&/0H[SHULPHQWWKDQLQWKH%$76ZKHQ
results are compared against the observed surface 
temperature data sets.
In order to understand the variation of seasonal av-
erage winter temperature in distinct years, composite 
GLIIHUHQFHVEHWZHHQH[FHVVDQGQRUPDO\HDUVDVZHOO
DVEHWZHHQGH¿FLWDQGQRUPDO\HDUVDUHFRPSXWHG 
DQGVKRZQLQ)LJXUH,WFDQEHVHHQIURPWKH¿JXUH
that temperature is lower in the observations and in 
ERWK5HJ&0VLPXODWLRQH[SHULPHQWVLQWKHH[FHVV
years as compared to normal years. The left panel in 
)LJXUHVKRZVWKDWWKH5HJ&0PRGHOZLWK%$76
VLPXODWHVDZDUPHUVXUIDFHE\&DVFRPSDUHGWR
WKH&/0LQWKHGLIIHUHQFHEHWZHHQFRPSRVLWHH[FHVV
and composite normal precipitation years. On the 
other hand, it is found that the area with cooler tem-
perature is located more over the Western Himalaya 
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LQWKH&/0WKDQLQWKH%$76,WFDQDOVREHQRWLFHG
that the magnitude and distribution of temperature 
GLIIHUHQFHVEHWZHHQGH¿FLW DQGQRUPDO\HDUVZLWK
WKH&/0VFKHPHLVEHWWHUWKDQZLWKWKH%$76ZKHQ
FRPSDUHGZLWKWKHREVHUYHGSDWWHUQV)LJULJKW
SDQHO7KH DQDO\VLV UHYHDOV DQ LPSURYHPHQW RI
LQWKHSUHGLFWLRQVRIVHDVRQDOPHDQZLQWHU
WHPSHUDWXUHZLWKWKHXVHRI&/0RYHU%$766R
the results suggest that the model-simulated mean 
DVZHOODVWKHYDULDWLRQLQWHPSHUDWXUHLQWHUPVRI
VSDWLDOGLVWULEXWLRQDQGPDJQLWXGHGXULQJWKHQLQH
distinct years are better represented with the use of 
&/0DVFRPSDUHGWR%$76
4.2 Spatial distribution of precipitation
7KHUHVSRQVHRIWKH%$76DQG&/0VFKHPHVLQWKH
5HJ&0PRGHOLVH[DPLQHGLQWHUPVRISUHFLSLWDWLRQ
simulations in the nine distinct years described earlier. 
Results indicate that the model is able to represent 
the seasonal mean precipitation distribution for 
WKH FRPSRVLWHVRI H[FHVV GH¿FLW DQGQRUPDO\HDUV 
UHDVRQDEO\ZHOOZLWKERWKODQGVXUIDFHVFKHPHV¿JXUH 
(c) (f)CLM CLM
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)LJ  6HDVRQDO '-)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FRPSRVLWH
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\HDUREWDLQHGIURPREVHUYHGGDWDDG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DQG&/0FI
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QRW VKRZQ+RZHYHU LQ WHUPVRI GLVWULEXWLRQ DQG
intensity the model-simulated precipitation is closer 
to observations with the use of the CLM scheme. To 
XQGHUVWDQGWKH5HJ&0PRGHOHI¿FLHQF\LQVLPXODWLQJ
precipitation during the nine distinct years, the sea-
VRQDOPHDQ'-)FRPSRVLWHSUHFLSLWDWLRQGLIIHUHQFHV
EHWZHHQH[FHVVDQGQRUPDO\HDUVDVZHOODVEHWZHHQ
GH¿FLWDQGQRUPDO\HDUVDUHFRPSXWHG Precipitation 
differences are shown in Figure 4. In the precipitation 
GLIIHUHQFHEHWZHHQH[FHVVDQGcomposite normal years 
)LJOHIWSDQHOLWLVVHHQWKDWWKHUHSUHVHQWDWLRQ
of precipitation in terms of intensity and distribution 
LVEHWWHUZLWK&/0 WKDQZLWK%$76VFKHPHZKHQ
compared to observed differences. The precipitation 
GLIIHUHQFHVEHWZHHQGH¿FLWDQGQRUPDO\HDUV)LJ
ULJKWSDQHODUHFDSWXUHGZHOOLQERWK/636&/0DQG
%$76RYHUQRUWKZHVW,QGLDKRZHYHUWKHYDULDWLRQ
in precipitation is closer to the observations with the 
&/0VFKHPH WKDQZLWK%$767KHTXDOLWDWLYHGH-
scription of seasonal precipitation suggests that the 
HI¿FLHQF\RI WKH5HJ&0PRGHO LVKLJKHUZLWK WKH
&/0VFKHPHWKDQZLWK%$76
The area average of monthly as well as seasonal 
composite precipitation obtained from the IMD 
(c) (f)CLM CLM
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)LJ6HDVRQDO'-)GLIIHUHQFHRIDYHUDJHSUHFLSLWDWLRQFRPSRVLWHH[FHVV±FRPSRV-
LWHQRUPDODQGFRPSRVLWHGH¿FLW±FRPSRVLWHQRUPDOSUHFLSLWDWLRQ\HDUREWDLQHGIURP
REVHUYHGGDWDDGDQG5HJ&0PRGHOVLPXODWLRQZLWK%$76EHDQG&/0FI
137Role of land surface schemes in the RegCM
REVHUYDWLRQVDQGWKH5HJ&0ZLWK%$76DQG&/0
VLPXODWLRQVZHUH FRPSXWHG DQG DUH H[KLELWHG LQ
Figure 5, which shows that the area-averaged pre-
cipitation is underestimated in both LSPS during 
DOORIWKH\HDUVFRPSRVLWHRIH[FHVVFRPSRVLWHRI
GH¿FLWDQGFRPSRVLWHRIQRUPDO\HDUVUHVSHFWLYH-
O\DWPRQWKO\DVZHOODVVHDVRQDOVFDOH+RZHYHU
the RegCM simulations with CLM are closer to 
observations. An improvement in the precipitation 
PDJQLWXGH E\ DERXW  LV QRWLFHGZLWK WKH
&/0 VFKHPH RYHU %$76 LQ WKH VHDVRQDOPHDQ
simulations. It may be noticed that the improvement 
varies from year to year. During all the months 
DQGVHDVRQVWKHHI¿FLHQF\RIWKH5HJ&0PRGHOLV
KLJKHUZKHQUXQZLWK&/0LQVWHDGRI%$76WKRXJK
the rate of improvement is higher in January than in 
other months. The better simulation of precipitation 
ZLWK&/0DVFRPSDUHGWR%$76PD\EHGXHWRWKH
inclusion of more number of soil layers and a better 
representation of the vegetation cover in the former, 
as described below.
The vegetation cover over the region of interest 
DVXVHGE\ERWK/636%$76DQG&/0LVVKRZQ
in Figure 6. It can be seen from the diagram that 
vegetation cover in the RegCM-CLM simulations 
has a greater spatial coverage over the Indian part of 
WKH:HVWHUQ+LPDOD\DWKDQWKH5HJ&0%$767KLV
increased vegetation cover in the RegCM-CLM en-
hances precipitation as found in Zheng et al.
Soil moisture from the NCEP-DOE reanalysis II 
DQG WKH 5HJ&0 VLPXODWLRQV ZLWK %$76&/0
/636 DUH VKRZQ LQ)LJXUH  IRU WKH FRPSRVLWHV
RIH[FHVVDQGQRUPDO\HDUVDQGGH¿FLWDQGQRUPDO
precipitation years. Observations show positive soil 
moisture over northern India, which is well brought 
RXWE\ERWK/636+RZHYHU WKHVSDWLDOH[WHQW LV
ORZHULQWKH5HJ&0%$76VLPXODWLRQIRUWKHFRP-
SRVLWHRIH[FHVVPLQXVQRUPDO\HDUV In the case of 
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WKHFRPSRVLWHGLIIHUHQFHEHWZHHQGH¿FLWDQGQRUPDO
precipitation years, WKHVSDWLDOH[WHQWDQGLQWHQVLW\
is closer to observations with the RegCM-CLM as 
FRPSDUHGWRWKH5HJ&0%$76VLPXODWLRQ7KLVGLI-
ference in model simulation is due to the difference 
in soil descriptions and moisture representations 
between these two LSPS. Therefore, the better 
representation of soil moisture may be the reason 
for a better representation of precipitation in the 
RegCM-CLM simulation.
6HQVLEOH KHDW ÀX[HV IURP WKH1&(3'2( UH-
DQDO\VLV,,DQGWKH5HJ&0VLPXODWLRQVZLWK%$76
&/0/636DUHGHSLFWHGLQ)LJXUHIRUFRPSRVLWHV
RI H[FHVVPLQXVQRUPDO DQGGH¿FLWPLQXVQRUPDO
precipitation years. The composite analysis between 
H[FHVVPLQXV QRUPDO SUHFLSLWDWLRQ \HDUV LQGLFDWHV
WKDWERWK/636VKRZDOPRVWVLPLODUVSDWLDOH[WHQWV
of precipitation over the eastern parts of Jammu and 
Kashmir. However, over the western part of Jammu 
and Kashmir, the RegCM-CLM simulation produces 
PRUHZHW]RQHVDVFRPSDUHGWRWKH5HJ&0%$76
simulation. In the case of composite differences 
EHWZHHQGH¿FLWDQGQRUPDOSUHFLSLWDWLRQ\HDUVVLP-
ulations with both land surface schemes are mostly 
similar.
4.3 Statistical evaluation of precipitation
7KHSHUIRUPDQFHRIWKH5HJ&0PRGHOZLWKWKH%$76
and CLM land surface schemes has been evaluated 
by computing various statistical skill scores. Some 
important evaluation strategies consisted in esti-
mating the RMSE and the CC, between others. The 
model skill scores were estimated against observed 
gridded precipitation data from the IMD over the 
Indian part of the Western Himalaya. The model re-
sults are bi-linearly interpolated to the grid points of 
the IMD observed data for statistical evaluation. The 
RMSE and spatial CC are calculated for both sets of 
UXQVXVLQJ&/0DQG%$767DEOH,,,,WFDQEHVHHQ
WKDWWKH&&LVVWDWLVWLFDOO\VLJQL¿FDQWWKHWKUHVKROG
YDOXHLVDWDFRQ¿GHQFHOHYHOLQWKHSUH-
cipitation simulation with the CLM scheme during 
H[FHVVGH¿FLWDQGQRUPDOSUHFLSLWDWLRQ\HDUV7KH
&&LVKLJKHULQWKH&/0H[SHULPHQWDQG
UHVSHFWLYHO\WKDQLQWKH%$76H[SHULPHQWIRU
all the years in which simulations were carried out 
within this study. The RMSE values of the RegCM 
model are lower when the CLM scheme is used 
LQFRPSDULVRQZLWK%$767KLVVXJJHVWV WKDW WKH
spatial distribution of precipitation and its intensity 
are simulated better in the RegCM with the CLM 
VFKHPHWKDQZLWK%$76
Several other skill metrics, such as POD, accu-
racy, ETS, and bias have been estimated for the dis-
tinct precipitation years and presented in Table IV. 
When the observed precipitation is higher than 
or equal to 1 mm day–1, that day is considered 
as a wet day. It can be seen from the statistical 
)LJ9HJHWDWLRQFRYHULQD%$76DQGE&/0ODQGVXUIDFHVFKHPHV
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analysis that POD values are higher in the CLM 
H[SHULPHQW   DQG  IRU WKH H[FHVV
GH¿FLWDQGQRUPDO\HDUVUHVSHFWLYHO\WKDQLQWKH
%$76H[SHULPHQWIRUDOOWKHWKUHHGLVWLQFW\HDUV
It is also found that the number of wet days simu-
ODWHGLQWKH&/0H[SHULPHQWLVFORVHUWRREVHUYD-
tions. Furthermore, the accuracy of precipitation 
VLPXODWLRQVLVKLJKHUZLWK&/0WKDQZLWK%$76
over the Western Himalaya. The computed model 
bias indicates that the precipitation intensity and 
distribution is better represented with the CLM 
ELDVLVFORVHUWR+RZHYHUWKHPRGHOVLPXODWHG 
(c) (f)CLM CLM
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
precipitation is underestimated with respect to 
observations in both schemes. Table IV indicates 
that ETS is higher in the CLM simulations during 
all the years, which indicates that precipitation 
events are better represented with the CLM land 
surface scheme.
7KXVWKHVWDWLVWLFDODQDO\VLVIRUHFDVWHUURUVDQG
VNLOOVFRUHVDOVRUHYHDOVWKDWWKH5HJ&0PRGHOZLWK
the CLM parameterization scheme performs better 
LQ VLPXODWLQJSUHFLSLWDWLRQ IRU H[WUHPH\HDUVZLWK
reasonable accuracy over the Western Himalayan 
UHJLRQDVFRPSDUHGWRWKH5HJ&0ZLWK%$76
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5. Conclusion
In the present study we compared two different land 
surface parameterization schemes within the Reg-
&0LH%$76DQG&/0WRVLPXODWHQLQHGLVWLQFW
winter precipitation years over the Western Himala-
ya. During the winter months, a notable difference 
EHWZHHQ WKH%$76 DQG&/0H[SHULPHQWV LV RE-
served in the simulation of temperature and amount 
of precipitation. The performance of the RegCM with 
both LSPS is reasonable in reproducing the mean 
features of seasonal temperature and precipitation, 
however the skill of the model is higher with the 
)LJ6HDVRQDO'-)VHQVLEOHKHDWÀX[:P–2GLIIHUHQFHFRPSRVLWHH[FHVV±FRP-
SRVLWHQRUPDODQGFRPSRVLWHGH¿FLW±FRPSRVLWHQRUPDOSUHFLSLWDWLRQ\HDUREWDLQHG
IURPREVHUYHGDGDQG5HJ&0PRGHOVLPXODWLRQZLWK%$76EHDQG&/0FI
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precipitation years.
([FHVV 'H¿FLW Normal
RMSE %$76   
CLM   2.529
CC %$76   
CLM   
506(URRWPHDQVTXDUHHUURU&&FRUUHODWLRQFRHI¿FLHQW
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7DEOH,96NLOOVFRUHIRUH[FHVVGH¿FLWDQGQRUPDOSUHFLSLWDWLRQ\HDUVIRUWKH!PPUDLQIDOOFDWHJRU\
Year Land surface scheme 32'WR $FFXUDF\WR %LDVWR (76±WR
([FHVV %$76 0.715  1.502 
CLM 0.747 0.596 1.642 
'H¿FLW %$76   1.952 0.071
CLM 0.697 0.711  0.167
Normal %$76  0.656  0.179
CLM   1.229 
CLM scheme. Furthermore, temperature and precip-
LWDWLRQGXULQJH[WUHPHZLQWHUVHDVRQVDUHDOVREHWWHU
FDSWXUHGZLWK WKH&/0 VFKHPH WKDQZLWK%$76
when compared to observations. As mentioned 
earlier, most of the sharp gradient in the orography 
of the Himalayas gets smoothed due to the resolu-
tion chosen for the model. Similarly, the surface 
FKDUDFWHULVWLFVVRLOW\SHVRLOZHWQHVVYHJHWDWLRQ
FRYHUHWFDUHQRWSURSHUO\UHSUHVHQWHGLQWKHPRG-
el due to the chosen resolution, as there is a sharp 
gradient in these parameters over the Himalayan 
region. This study suggests that even at this reso-
OXWLRQWKH5HJ&0PRGHOZLWK&/0DQG%$76LV
able to reproduce some of the salient features of the 
GLVWLQFW\HDUVH[DPLQHG
Forecast errors and skill scores indicate that the 
performance of the RegCM model is better with the 
&/0VFKHPHUDWKHUWKDQZLWK%$760RUHRYHULP-
SURYHPHQWVE\DERXWLQWHPSHUDWXUHDQG
LQSUHFLSLWDWLRQSUHGLFWLRQVDUHREVHUYHGZLWKWKH
XVHRIWKH&/0VFKHPHLQFRPSDULVRQZLWK%$76
In sum, the study indicates that the RegCM model 
with the CLM scheme can be more informative in 
simulating wintertime temperature and precipitation 
over the Western Himalayan region.
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